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Abstract: A light detection and ranging (lidar) system with �90� of steering based on an
adaptive electrowetting-based prism for nonmechanical beam steering has been demonstrated.
Electrowetting-based prisms provide a transmissive, low power, and compact alternative to
conventional adaptive optics as a nonmechanical beam scanner. The electrowetting prism has a
steering range of �7.8�. We demonstrate a method to amplify the scan angle to �90� and perform
a one-dimensional scan in a lidar system.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Light detection and ranging (lidar) is a well-established remote sensing technique to measure
the range of an object, using pulsed or continuous-wave lasers [1–5]. There are two main lidar
ranging methods. In incoherent lidar, discrete laser pulses are sent out and the returned pulses
(after interaction with a target) are collected on a detector [6]. The range is calculated from
the time difference between the transmitted and received signals. The other method, coherent
lidar, is based on phase sensitive (beat frequency note) detection. A continuous wave laser
is amplitude (or frequency) modulated and the phase difference (or the beat frequency note)
between the transmitted and return signals is used to evaluate the distance to an object. Both
coherent and incoherent lidar systems are often implemented with beam scanning to enable wide
coverage of an area. Lidar systems with a laser scanner can accurately generate three-dimensional
(3D) measurements, beneficial to many applications. The speed of the scanners implemented
in lidar systems range from 5–15 Hz for autonomous cars to 100–1000 Hz for airborne lidar
applications. For instance, airborne scanning lidar can produce 3D mapping of landscapes
and trees [7, 8]. Precision ranging, enabled with scanning lidar, is necessary for space station
navigation (such as Mir and ISS), as well as telescope docking [9]. Other applications include
navigation for self-driving cars, autonomous drones and underwater vehicles, and environmental
sensing of water and snowpack. To perform a scan, lidar systems can employ mechanical or
nonmechanical beam steering. Typical mechanical solutions for scanning include mirror-based
gimbals, oscillating/rotating mirrors (galvanometers) [10], rotating polygons [10], rotating
prisms [10, 11], and microelectromechanical systems (MEMS) mirrors [12, 13]. Nonmechanical
beam steering choices include acousto-optic deflectors [14, 15], electro-optic deflectors [14, 15],
liquid crystal spatial light modulators (SLM) [16–19], solid-state beam steering based on phased-
arrays [20, 21], and liquid-based prisms [22–28]. Mechanical beam scanners are robust and
reliable, although they commonly suffer from drawbacks such as movable parts prone to failure,
large power requirements, heavy weights, large sizes, and high costs. In contrast, nonmechanical
beam scanners are attractive, as they are generally low weight, compact, low power, and are often
inexpensive.
One particularly attractive implementation of nonmechanical beam steering is offered by
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electrowetting-based devices. Electrowetting is a mechanism in which the contact angle of a liquid
droplet is modified by an external electric potential. Electrowetting-on-dielectric (EWOD) is an
electrowetting phenomenon that occurs on a dielectric surface [29–33]. Recently, many studies
have focused on liquid-based adaptive optical devices controlled by the EWOD principle [29–33].
The Lippmann-Young equation determines the contact angle variation with an applied electric
potential, cos � = cos �o + „��o”�„2d”V2, where � is the contact angle for the applied voltage V ,
�o is the initial contact angle with no applied voltage, � and d are the effective dielectric constant
and thickness of the dielectric layers, and  is the surface tension. EWOD devices are attractive
due to their large tunability, rapid response time (few ms to hundreds of ms, depending on device
size and liquid combinations), low power consumption (< 1 mW), transmissive nature, and lack
of moving mechanical parts [29]. EWOD lenses with one electrode have been implemented
in many imaging systems, such as confocal microscopy [34], miniaturized zoom lenses [35],
and endoscope designs [36]. EWOD prisms (with two or more electrodes) have been used to
demonstrate laser beam scanning [29–32,37]. Lastly, multiple electrode EWOD devices have
been studied to correct induced optical aberrations [38, 39]. Here, we present an implementation
of a lidar system based on an EWOD prism beam scanner. To the best of our knowledge, this is
the first demonstration of a lidar system integrated with a nonmechanical beam scanner based on
an EWOD prism. Our design generates a �90� of beam steering based on �7.8� steering from
an EWOD prism. In addition, we have designed a lidar receiver with a same field-of-view and
perform a lidar scan within the laboratory environment.

2. Optical design and considerations

The main elements of a lidar system are the transmitter, which includes the laser source and the
transmitting optics, and the receiver, which consists of optics, a detector and a data acquisition
system. On the transmitter side, laser pulses with controlled divergence are sent to the target.
At the receiver end, the backscattered light from the target is collected using a detector. Lidar
systems can be set up in two basic configurations: monostatic and bistatic [2]. For a bistatic
lidar system, the transmitter and the receiver are located at different positions (usually separated
by a large distance). In a monostatic configuration, the transmitter and receiver are co-located.
Monostatic configurations can be subdivided into coaxial or biaxial [2]. In the coaxial lidar
arrangement, the optical axis of the transmitter coincides with the optical axis of the receiver.
In the biaxial lidar layout, the optical axis of the transmitter is parallel to the receiver optical
axis and are located adjacent to each other. The scanning lidar system presented in this paper is
based on monostatic biaxial configuration due to its simplicity, with a separation distance of 6
cm between the transmitter and receiver.

2.1. Transmitter with electrowetting beam scanner

The transmitter consists of a laser source, followed by the transmitting optics such as a two-
electrode EWOD prism, a Hastings achromatic triplet lens, and a miniature fisheye lens. The
scanning EWOD prism, is based on a cylindrical glass tube, coated with an electrode (Indium Tin
Oxide, ITO), a dielectric (Parylene HT), and a hydrophobic coating (Cytop), and epoxy bonded
to an annular ground window. The device has two separated electrodes and it is filled with two
immiscible liquids as shown in Figs. 1(a) and 1(b) [28]. Applying a differential AC voltage to
the two electrodes alters the contact angle at the liquid-liquid interface, tilting the liquid-liquid
interface; hence resulting in a tunable prism.

A brief description of the EWOD prism fabrication process is presented; more details can be
found in [23, 28, 37]. A three-dimensional printed mask is placed on a cylindrical glass tube
(inner diameter 3.95 mm, height 5 mm) to create separated electrodes for a two-electrode device.
Next, an indium tin oxide (ITO) film (400 nm thickness) is deposited on the side wall to serve as
an electrode. The 3D printed mask is removed, and the ITO electrodes are annealed at 300�C.
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Fig. 1. (a) Schematic of the two-electrode prism device, with components labeled. The
device is constructed in a cylindrical glass tube with Indium Tin Oxide (ITO) sidewall
electrodes, Parylene HT as the dielectric and Cytop as the hydrophobic layer. An optical
window patterned with an annular pattern of Ti/Au/Ti serves as the ground electrode. (b) An
image of the two-electrode EWOD prism at initial state (0 V on both electrodes) filled with
de-ionized water (DI water) and 1-Phenyl-1-cyclohexene (PCH). (c) Driving voltages with
carrier frequency of 3 kHz modulated with a linear function at 1 Hz frequency between the
two electrodes. (d) Series of images of the two-electrode EWOD prism, demonstrating its
functionality as a tunable prism. The tilt angle of the liquid-liquid interface is labeled in
each image corresponding to steering angles of 5�, 4�, and 1�, respectively.

After annealing, a 3 µm dielectric layer of Parylene HT is deposited on top of the ITO, on the
inner wall of the cylindrical glass tube. Lastly, the device is dip-coated in hydrophobic Cytop
solution and cured at 185�C for 30 minutes. A glass window with annular patterned electrodes
(50 nm Ti/ 300 nm Au/ 50 nm Ti) is used as the optical ground window. The optical ground
window and the glass tube are epoxy bonded with an ultraviolet curable epoxy. A schematic of
the assembled EWOD prism used in this work is shown in Fig. 1(a). The EWOD prism is first
filled with de-ionized water (DI water, n = 1.33) followed by 1-Phenyl-1-cyclohexene (PCH, n =
1.57) as shown in Fig. 1(b) [28]. Our previous studies on EWOD prisms used 1 wt% sodium
dodecyl sulfate (SDS) solution and dodecane. Unfortunately, this combination had a limited
beam steering angle of �2.2� [23,37]. With the new liquid combination of DI water and PCH,
beam steering of up to �13.7� is possible [28].
An image of the EWOD prism filled with DI water and PCH at an initial state (0 V on both

electrodes) is presented in Fig. 1(b). This liquid combination allows a large contact angle tuning
of 173� to 60�, achieved by applying an AC driving voltage between 0 to 200 Vrms . In this work,
the EWOD prism (consisting of two electrodes) is actuated using a sinusoidal driving voltage with
a carrier frequency of 3 kHz. The flat liquid-liquid interface (contact angle of 90�) is implemented
with 95 Vrms applied to both electrodes [28]. To perform beam steering, a differential voltage
is amplitude modulated and applied to both electrodes at a set sweep frequency as plotted in
Fig. 1(c). We have measured �7.8� of beam scanning by sweeping both electrodes with �24
Vrms at 1 Hz around the 90� contact angle. As an example, a series of snapshots of the EWOD
prism in operation are shown in Fig. 1(d) corresponding to tilt angles of 20�, 15�, and 6� at the
liquid-liquid interface. This translates into beam steering angles of 5�, 4�, and 1�, respectively.






















